Based on the high precision experimental data released by the CLAS Collaboration recently, the interaction mechanism of the photoproduction of Λ(1520) off a proton target is investigated within a Regge-plus-resonance approach. With the decay amplitudes predicted in the constituent quark model, the roles played by nucleon resonances are studied. It is found that N(2120) provides the most important contribution among the nucleon resonances predicted in the constituent quark model. The t channel contribution with Regge trajectories and the Λ intermediate u channel are responsible to the behaviors of the differential cross section at forward and backward angles, respectively.
Introduction
Recently, the CLAS Collaboration at Jefferson National Accelerator Facility released their exclusive photoproduction cross sections for the Λ(1520), Σ 0 (1385) and Λ(1405) for energies from near threshold up to a center of mass energy W of 2.85 GeV with large range of the K production angle [1] (labeled as CLAS13 in this work). Since threshold for the photoproduction of Λ(1520) is about 2.01 GeV, the new experimental data with high precision released by the CLAS Collaboration provide an opportunity to study the nucleon resonances above 2 GeV.
Among about two dozen nucleon resonances predicted by the constituent quark model,a D 13 state N(2120) with two star, which is labeled as N(2080) in the previous version of Particle Data Group (PDG) [2, 3] , should play the most important role in the photoproduction of Λ(1520) off proton target due to its large decay widths in γp and Λ(1520)N channels predicted in the constituent quark model [4, 5] . N(2120) has attracted much attentions due to its importance found in many channels, such as γp → K * Λ [6] , φ photoproduction [7] and η ′ p/ηp photoproduction [8, 9, 10, 11] . A new bump structure was found at W ≃ 2.1 GeV in the differential cross sections for the photoproduction of Λ(1520) at forward angles measured by LEPS Collaboration at energies from near threshold up to 2.4 GeV [12] (labeled as LEPS10), which could be reproduced by including the resonance N(2120) [13, 14] . In Refs. [13, 14] , the photoproduction of Λ(1520) has been investigated based on the LEPS10 data and the differential cross sections are well reproduced. However, only the differential cross sections at forward angles are measured in the LEPS10 experiment. At forward angles the t channel contribution is dominant while the u channel contribution is negligible. Besides, the contribution from N(2120) is expected to be important at all kaon production angles. Hence it is interesting to study the interaction mechanism of the Λ(1520) photoproduction, especially the u channel and nucleon resonance intermediate s channel, with the CLAS13 data with large range of the kaon production angle. In a recent work, the u channel contribution is found important at the backward angles [15] . However the differential cross sections at forward angles are not so well reproduced. In an analysis of the CLAS13 data for Σ (1385) photoproduction the Regge trajectory is found essential to reproduce the behavior of the differential cross sections at forward angles [16] . In this work we will study the Λ(1520) photoproduction off proton target in a Regge-plus-resonance approach based on the new CLAS13 data to explore the interaction mechanism of the Λ (1520) photoproduction. This paper is organized as follows. After introduction, we will present the effective Lagrangian and Regge trajectory used in this work. The experimental data will be fitted and the theoretical results of the differential and total cross sections compared with experiment will be given in Sec. 3. Finally the paper ends with a brief summary.
Formula
The photoproduction of Λ(1520) off proton target with K occurs through the following diagrams in Fig. 1 .
t channel contact term Figure 1 : (Color online) The diagrams for the s, u, t channels and the contact term.
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The Lagrangians use in the Born terms are given below [13, 14, 17 ]
where 
where
For the intermediate Λ state, the coupling constants f u 1 = −7.22 and f u 2 = 9.48 can be obtained from the ratio of the helicity amplitudes A 3/2 = −122 and A 1/2 = 13 predicted in the constituent quark model [20] and the PDG decay width Γ γ = 133 keV [2] . This method has been used in Ref. [19] to determine the coupling constants for Σ(1385) → Λγ. The coupling constant g KN Λ can be determined by flavor SU(3) symmetry, which gives value g KN Λ = −13.24 [19] . The Σ exchange is negligible due to to the small coupling constant determined from SU(3) symmetry [19] .
It is well known that the amplitudes from nucleon intermediate s channel, the K exchange t channel and the contact term are not gauge invariant while for the sum of three amplitudes the gauge invariance can be guaranteed. If the form factor which reflects the hadron internal structure is included, the gauge invariance will be violated. To restore the gauge invariance, a generalized contact term is introduced as [18, 19] 
where the h is free parameter and will be fitted by the experimental data.
In this work, we adopt the form factor with form,
where M and q are the mass and momentum of the off-shell intermediate particle. In this work, except n = 2 for K * exchange, we choose n = 1 for other channels as Ref. [16] . The cut-off Λ will be set as free parameter in this work.
It is well known that the behavior of the cross section for the photoproduction at high photon energy is described by Regge trajectory. We introduce the pseudoscalar and vector strange-meson Regge trajectories following [21, 22, 23] :
where α ′ K,K * is the slope of the trajectory. α K,K * is the linear trajectory, which is a function of t as α K = 0.70 GeV
. The scale constant s scale is set as 1 GeV 2 . The coupling constant for Regge trajectoryḡ
should be different from the one for the real K exchange g KN Λ * = 10.5 [13, 14, 17] . In this work we set it as free parameter. We expect this difference should not be very large. The k R for K * exchange is set to 1 considered that its contribution is small compared with K exchange contribution [14] . The Regge trajectories should work completely at high photon energies and interpolate smoothly to a K or K * exchange at low energies. Toki et al. [24] and Nam and Kao [17] introduced a weighting function to describe such picture. Here we adopt the treatment as [16] ,
where R = R s R t with
The free parameters s Reg , s 0 , t Reg and t 0 will be determined by fitting experimental data. The adoption of Regge trajectory will violate the gauge invariance also. To restore the gauge invariance, we redefine the relevant amplitudes as follow,
The Lagrangians for the resonances with arbitrary half-integer spin are [14, 19, 25, 26, 27] ,
where R µ 1 ···µn is the field for the resonance with spin J = n + 1/2, and Γ (±) = (γ 5 , 1) for the different resonance parity. The coupling constants f 1 , f 2 , g 1 and g 2 can be determined by the helicity amplitudes A 1/2,3/2 and decay amplitudes G(ℓ 1 , ℓ 2 ) predicted in the constituent quark model [4, 5] . The interested reader is referred to Refs. [14, 16, 19] .
Results
With the formula given above, the CLAS13 and/or LEPS10 data for the differential cross section of the Λ(1520) photoproduction will be fitted with the contributions from the nucleon and nucleon resonance intermediate s channels, the K and K * exchange t channels, the Λ intermediate u channel and the contact term. The fitting is done with the help of the MINUIT code in the cernlib.
Fitting procedure
In our model, the nucleon intermediate s channel, K and K * exchange t channels with Regge trajectory, Λ intermediate u channel and contact term are considered. The involved parameters are listed in Table 1 . The best fitted values with the uncertainties of the parameters through fitting both CLAS13 and LEPS10 data are also presented. Predetermined parameters
In Table. 2, the correlation coefficient of the best fitted parameters is also presented. The Λ s,K and Λ K * have high correlation, which indicates the contributions from K and K * exchange play a similar role in the reproduction of the experimental data. The nucleon resonances should be important at energies near threshold of the Λ(1520) photoproduction. In the constituent quark model a large amount of nucleon resonances in the energy region considered in this work are predicted, which will make the fitting very difficult. In this work we use the following criterion to select the nucleon resonances which will be considered in the fitting,
According to such criterion only six resonances survive as listed in Table. 3. Estimated from the values of λ, N(2120) with λ = 2.14 should be the most important one among all nucleon resonances considered in the current work. In the fitting procedure, the values of the nucleon resonance masses suggested in PDG [2] are preferred. For the nucleon resonances which is not listed in PDG, the prediction of the constituent quark model will be adopted. To avoid the proliferation of the free parameters, the Breit-Wigner widths for all nucleon resonances are set to 330 MeV, which is consistent to the values suggested in PDG for the nucleon resonances listed in Table. 3 [2] . Here, we would like to mention that with the help of the helicity and decay amplitudes listed in Table. 3 the contributions from nucleon resonances are only dependent on one free parameter Λ R , which is also presented in Table 1 .
With the parameters listed in Table 1 , the experimental data about the differential cross section will be fitted. In the fitting procedure, we only consider CLAS13 and LEPS10 data. The reduced χ 2 per degree of freedom are presented in Table 4 . The corresponding values of fitted parameters are listed in Table 1 . Here only statistic uncertainties are included in the fitting procedure. To compare with Ref. [15] , the results with systematic uncertainty σ sys = 11.6% and 5.92% for CLAS13 and LEPS10, are also listed in Table 4 . The results with only CLAS13 data are also presented for comparison. (2120) is dominant in the nucleon resonance contribution. The importance of N(2120) can be also observed in Table 3 . After turning off N(2120) the corresponding χ 2 is 3.54, which is much larger other nucleon resonances as the value of λ = 2.14 for N(2120). We also check the importance of the Regge trajectory. A value of χ 2 about 8 is found if the Regge trajectory is turned off. If the systematic uncertainty are included, χ 2 is 2.95, which is close to the χ 2 = 2.5 in Ref. [15] . Compared with χ 2 = 3.05 for the full model, the Regge trajectory is essential to describe the experimental differential cross section. To check the correlation of the contributions from the K exchange and K * exchange, the χ 2 after turning K * exchange are also presented. It is found that the absence of K * contribution is compensated by the K contribution as suggested by the high correlation between Λ s,K and Λ K * in Table 2 .
Differential cross section
Compared with the reduced χ 2 , the explicit differential cross section can provide more information about interaction mechanism of Λ(1520) photoproduction. First, we present our results for CLAS13 and CLAS10 data which are used in the fitting procedure.
In Fig. 2 , the differential cross sections compared with CLAS13 data are figured. The LEPS10 data at same energies are also plotted in the corresponding subfigure. One can find lines are for full model, contact term, K exchange t channel, u channel, K * exchange t channel and N (2120) . The full circle (red) and open circle (blue) are for CLAS13 data [1] and LEPS10 data [12] . 8 that experimental data are well reproduced in our model at all energies and angles. The dominant contributions are from Born terms, among which the contact term plays the most important role. At the low energy the K exchange contribution is smaller and becomes more important at high energies (please note here and hereafter that the amplitude of the contact term, the K exchange, or the s channel is not gauge invariance. Here, the result is obtained in the center of mass frame). The vector meson K * exchange provides considerable contribution at high energies. Compared with Fig.3 in Ref. [15] , the Regge trajectory is important to reproduce the behavior of the differential cross section at forward angles especially at high energies. The u channel is responsible to the increase of the differential cross section with the decrease of cos θ at high energies. However, the similar increase at low energies is from N(2120) contribution instead.
The results compared with LEPS10 data are figured in Fig. 3 . The CLAS13 data at same angles are also plotted. One can find that there exist discrepancies between LEPS10 data and CLAS13 data especially at cos θ = 0.65. Our results are close to the LEPS10 data and the bump structure is well reproduced with the contribution from N(2120). The 9 contact term contribution is dominant at energies from near threshold up to E γ = 4 GeV. Generally, the CLAS13 data is reproduced especially at high energies. Compared with Fig.4 in Ref. [15] a large difference can be found in the prediction of the differential cross section at extreme forward angle cos θ = 0.95. A sharp increase was predicted at energies larger than 2.5 GeV in Ref. [15] while our result suggests a smooth heave. The difference should be from adoption of Regge trajectory in the current work which is not considered in Ref. [15] . It can be checked in the future experiment.
In the fitting, the polarization asymmetry measured in LEPS10 experiment are not included. As shown in the previous work [13, 14] ,the sign of the polarization asymmetry should be reversed compared with the experiment. The results in this work confirm the previous conclusion as shown in Fig. 4 . To show a picture around the resonance pole of N(2120), the dσ/d cos θ against θ at 2.2 GeV is calculated and compared with LEPS09 data in Ref. [28] which are not included in the fitting procedure. As shown in Fig. 5 , the experimental data are reproduced generally in our model. The general shape for the differential cross section against θ is mainly formed by the contact term contribution. The slow increase at backward angles is from N(2120) contribution. For differential cross section with the variation of E γ , N(2120) provides contribution comparable with the contact term at backward angles and is responsible to the bump structure. Recently CLAS Collaboration reported their preliminary results about the photoproduction of Λ(2120) off both proton and neutron in deuterium at the photon energy from 1.87 to 5.5 GeV in the eg3 run [29] . We do not consider these preliminary eg3 data in the fitting procedure. However, we still present our theoretical results from 1.87 to 5.5 GeV to show the interaction mechanism at higher energies. As shown in Fig. 6 , our theoretical results are consistent with the preliminary eg3 data especially the later one. The contribution from the contact term plays most important role at the energies from threshold up to 5.5 GeV while the contributions from nucleon resonances decreases rapidly at the photon energy large than the energy point corresponding to the Breit-Wigner mass. 11 [29] . The notation as in Fig. 2 
Total cross section
The total cross section can be obtained by integrating up the differential cross section. The uncertainties will be introduced in the extrapolation of the experimental differential cross section at measured angles to the values at all angles. Hence, we do not include the experimental total cross section in the fitting procedure. Our results calculated with the determined parameters are shown in Fig. 7 and compared with the experimental data. Besides the CLAS13 data, the old data by the SAPHIR experiment at the low energy [30] and the LAMP2 experiment at high energy [31] and preliminary eg3 data are also presented. As shown in Fig. 7 , our results are close to the experimental data. The contact term is dominant at all energies considered in the current work. The contribution from N(2120) is important at energies about 2.1 GeV.
Summary
To determine the interaction mechanism of the photoproduction of Λ(1520), the high precision data with large range of kaon photoproduction angles are required. In this work we investigated the photoproduction of Λ(1520) in a Regge-plus-resonance approach based on the new high precision CLAS13 data . The result suggests that the contact terms are 12 dominant in the photoproduction of Λ(1520). The Regge trajectory is found essential to reproduce the experimental data at forward angles especially at high energies. To describe the behavior of the differential cross section at backward angles, the Λ intermediate u channel contribution should be included.
The nucleon resonance N(2120) with 3/2 − is essential to reproduce the bump structure of near 2.1 GeV. In the new version of PDG [2] , a state N(1875) with 3/2 − is suggested. If the third [N − ] 3 as N(1875) will lead to a small D 13 partial wave contribution in the Λ(1520) photoproduction. However, the results in this work and literatures [12, 14] suggest that a D 13 state about 2.1 GeV is essential to reproduce the experimental data. Hence, the [N 
